Objective: The localized bicep tissue bioimpedance was measured from participants who completed an eccentric exercise protocol with one arm and no exercise with the other arm to compare changes that occur as a result of the exercise protocol over a 96h observation period. Methods: The localized bicep bioimpedance, bicep circumference, and self-reports of bicep pain were collected from 6 volunteers at pre, post, 24h, 48h, 72h, and 96h timepoints after completing an eccentric exercise protocol of the elbow flexor muscles. Results: The unexercised bicep showed no statistically significant differences between the pre-exercise and post-exercise measures at any timepoints for all impedance measures and circumference. The exercised bicep showed statistically significant decreases (p < 0.01) for 10 kHz, 50 kHz, and 100 kHz impedance (resistance and reactance) and increases of bicep circumference at the 72h and 96h post-protocol timepoints, compared to the pre-protocol measurements. The self-reports of pain of the exercised bicep also showed statistically significant increases (p < 0.01) at the 48h and 72h timepoints compared to the baseline reports. Conclusion: Completion of the eccentric protocol resulted in increases of bicep circumference and decreases in the magnitude of resistance and reactance components of the localized tissue bioimpedance; with maximum changes of swelling and impedance occurring at the same post-protocol timepoints. These changes support that localized tissue bioimpedance is sensitive to the changes that occur as a result of the exercise protocol with the potential to quantify tissues for exercise induced changes. Significance: Localized tissue bioimpedance is sensitive to the changes that occur from eccentric exercise and may be a potential method to non-invasively quantify tissues for changes due to exercise, fatigue, injury, and recovery.
I. INTRODUCTION
Movement and activity throughout daily living requires a complex orchestration of skeletal muscle contractions. These coordinated contractions execute tasks such as walking down a flight of stairs, standing up from a chair, or drinking water from a glass. Regardless of the task, these contractions can result in muscle shortening (concentric activity) or muscle lengthening (eccentric activity) [1] . During a concentric contraction, the muscle shortens to enable movement and cause a change in joint angle (e.g. lifting a dumbbell from a resting position during an elbow flexor exercise) while eccentric contractions dissipate mechanical energy during deceleration events (e.g. slowly returning a dumbbell back to its resting position) [1] .
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While muscle contractions are necessary for all tasks, repetitive contractions through participation in high-intensity activity (such as sports or resistance training) can cause sarcomere damage [2] , shortened connective tissue, passive muscle stiffness, and decreased range of motion (ROM) [3] , [4] . Quantifying these skeletal muscle changes is achieved using direct methods such as muscle biopsies or magnetic resonance imaging (MRI) and indirect methods such as force loss, levels of muscle proteins in the blood, and self-reported muscle soreness [5] . However, most of these techniques are resource intensive and/or invasive which limits their adoption to monitor changes in tissues during free-living activities outside of controlled clinical environments. Methods to quantify changes in skeletal muscle in uncontrolled environments in real-time could support personalizing rehabilitation and exercise interventions to improve strength, fitness, endurance, and mobility while also minimizing risks of injury. In a recent review, LaStayo et al. noted that the potential clinical benefits of resistance training for rehabilitation was becoming more apparent, but that further development to optimize intensity, duration, and modes of training were required [6] . The availability of methods to non-invasively and unobtrusively quantify skeletal muscle would support those efforts.
A non-invasive method to quantify localized tissue changes is electrical impedance myography (EIM); often also referred to as bioimpedance (in reference to these measures quantifying the electrical impedance of biological tissues). EIM quantifies the passive electrical behavior of a biological tissue [7] , [8] by applying an electrical current (I ) and measuring the voltage (V ) across the tissue (Z = V /I ). The electrical properties of a tissue under study are dependent on the cell population, cell volumes, cellular membrane integrity, and intra / extra cellular fluids of the tissue. The use of bioimpedance as a monitoring tool is being actively investigated to assess soft tissue damage [9] , [10] , to assess knee and ankle joint health [11] - [13] , manage fluid overload [14] , assess neuromuscular disorders [15] , [16] , track impaired muscles in neurological injury patients [17] , [18] , measure blood pressure [19] , and for respiratory monitoring [20] . With respect to applications for characterizing skeletal muscle, EIM is being investigated to quantify tissue changes during contraction in human subjects [21] , [22] and mice [23] and to quantify changes that result from activity/exercise in human subjects [22] , [24] , [25] . These studies have shown that the resistance of tissues increases during skeletal muscle contractions [21] , [22] , likely from the constriction of blood flow during this event; while a decrease is observed in the tissues with exercise [22] , [24] , [25] . The decrease in tissue impedance has been attributed to multiple mechanisms that include: i) increased blood flow to the muscles due to the hemodynamic response to exercise, ii) heat dissipation in the tissue increasing cutaneous blood flow and vasodilation, and iii) an increase in metabolites in the tissue that increase its electrical conductivity.
Previous studies have collected the bioimpedance of tissues pre and post completion of an exercise protocol [22] , [24] , throughout an exercise protocol [25] , and preliminary data has detailed how EIM changes during recovery for the days after completing an exercise protocol [26] . This study expands on the preliminary results and analysis detailed in [26] to quantify the changes over time in localized bicep tissues that result from completion of an eccentric protocol. Specifically, the bicep tissue resistance and reactance at 10 kHz, 50 kHz, and 100 kHz, bicep circumference, and self-reports of bicep pain over a 96h observation period were collected from healthy volunteers after completing 50 heavy load eccentric repetitions of the elbow flexor muscle groups. This manuscript is organized as follows: Section I provides background on bioimpedance measurements and their applications; Section II details the humans subject recruitment, data collection methods, and analysis approach; Section III details the experimentally collected measurements from the study participants; Section IV discusses the results of this study with comparisons to existing work and this studies limitations; Section V concludes this work with an overview of the study results.
II. MATERIALS AND METHODS

A. VOLUNTEERS
This study collected localized impedance measurements from left and right bicep of a convenience sample of 6 volunteers (1 M, 5 F, 20 − 25 years old). All study participants were recruited from The University of Alabama and were screened prior to participation using a health questionnaire. Those participants who had any reported muscle or joint problems or who had any recent adverse reactions to exercise were excluded. There were no required history of activity, fitness requirements or body composition for inclusion in this study (and this data was not collected from study participants). Following screening and obtaining their written informed consent each participant completed the eccentric exercise protocol applied to one arm of their choice; with 4 participants selecting their left arm (which was their non-dominant arm) and 2 participants selecting their right arm (which was their dominant arm). Participants were given the option to select their arm of choice to limit the potential impact of muscle soreness (expected from their participation in the exercise protocol) on their daily living during recovery. Note that all study procedures were approved by The University of Alabama IRB (16-OR-212).
B. ECCENTRIC EXERCISE PROTOCOL
A dumbbell bicep curl is an isotonic exercise (joint angle and muscle length change) of the elbow flexor muscles which has both concentric and eccentric phases. The concentric contraction of this exercise initiates the movement of the dumbbell and the eccentric contraction slows the return of the dumbbell into the starting position. During the eccentric component of this exercise the muscle is lengthening while producing force, while during the concentric phase the muscle length is shortening while producing force. Repetitive eccentric contractions were used in this protocol because studies have reported that eccentric muscle activations cause more damage than isometric or concentric action [2] . Completion of repetitive eccentric activations have led to increases in muscle volume [27] , [28] and takes several days to recover from; supporting its use in this study to induce changes over multiple days post-protocol.
The protocol utilized in this study required each participant to execute 50 eccentric repetitions of a dumbbell bicep curl (the choice of arm was made by the participant) at 90% of their previously assessed one-repetition maximum (1-RM) concentric weight. This weight is the maximum weight that they were able to successfully lift for the dumbbell bicep curl exercise. Only the 1-RM of the exercised arm was assessed. Each participant had their 1-RM assessed the week prior to their completion of the eccentric protocol to limit potential fatigue induced by this assessment from affecting their performance during the eccentric exercise protocol. The 50 repetitions in the protocol were executed in 2 sets of 25, with a two-minute rest between sets. To isolate each repetition to only an eccentric contraction during the protocol, the study personnel lifted the dumbbell for the participants who were then required to return the dumbbell to the lowered position in 2s-3s for each repetition. Participants were asked to refrain from exercise of their upper body in the days between their 1-RM assessment and the eccentric exercise protocol as well as for the 96h period after exercise during which measurements were collected. After completion of the exercise protocol, participants were also asked to refrain from icing their biceps or using pain medications which could impact the amount of swelling and inflammation that would occur as a result of the protocol.
C. PARTICIPANT MEASUREMENTS
The bicep tissue electrical impedance was collected from each participant using a tetrapolar configuration of Ag/AgCl electrodes in which two current injection electrodes were placed over the biceps bracii 15 cm apart with the voltage sensing electrodes placed 6 cm apart. The location where the bicep had the largest circumference was selected as the midpoint between the voltage sensing electrodes An example of the overall measurement configuration is given in Fig. 1(a) with a sample of the electrodes on a participants bicep given in Fig. 1(b) . Prior to placement of the electrodes, the skin site was cleaned using alcohol wipes. After letting the site dry, four Ag/AgCl Kendall 133 electrodes (Kendall, Canada) were placed on the bicep. After initial placement of the electrodes a medical marker was used to outline each electrode location on the participants skin to ensure electrode placements in the same positions for measurements collected in the days after the eccentric protocol. For each individual measurement, participants were in a standing position with their arms relaxed resting naturally at the sides of their body. Measurements were collected from both biceps prior to conducting the exercise protocol, immediately after the protocol, and at intervals of 24, 48, 72 and 96 hours post exercise. Bicep circumference, measured between the voltage sensing electrodes using a cloth tape measure, was also recorded at every timepoint. For the circumference measurements, the tape measure was secured firmly around the bicep without compressing the skin. All of the circumference measurements were collected by a single member of the study team. Finally, participants were asked to rate the pain of their exercised bicep at each measurement interval. Participants verbally rated their pain on a scale of 0-10, with 0 signaling no pain and 10 signaling intense or extremely severe pain. Verbally administered numerical rating scales have been validated for acute pain measurement in clinical settings [29] , supporting its use in this application.
Each impedance dataset was collected using a Keysight E4990A impedance analyzer in the frequency range from 10 kHz to 500 kHz with a programmed maximum sinusoidal excitation stimulus of 1 mA. While this range was collected, only impedances at 10 kHz, 50 kHz, and 100 kHz are analyzed in this work. These discrete frequencies were selected because they are widely employed in bio-impedance applications [22] and are the most appropriate for this instrument when used for high-residual impedance configurations [30] . It was reported by Fu and Freeborn that the Keysight E4990A has the smallest deviations in the frequency range from 10 kHz to 100 kHz in measurements with a high residual impedance, which is the case for impedance measurements from biological tissues which have large impedances resulting from the tissue/electrode interface [30] . The maximum current value (1 mA) was selected because it is below the perception threshold of most individuals, though it should be noted that the actual applied current is much lower than programmed maximum as a result of the high impedance of the tissue/electrode interface and limited excitation voltage of the Keysight unit [30] . Finally, to collect these measures the Keysight E4990A instrument requires an adapter to interface to the Ag/AgCl surface electrodes used in this study. For this purpose, a custom printed circuit board interface was utilized that adapts the BNC-connectors of the E4990A to a cable-set with the required snap connectors for the Ag/AgCl electrodes. This specific interface was characterized previously in [24] using measures of discrete circuits (showing < 1% difference compared to reference measures of these circuits without the adapter) and repeated measures of participants after movement of their arms simulating the exercise activity (showing coefficients of variation < 1.15% for resistances and < 2.6% for reactances). Prior to each data collection session, the Keysight E4990A was calibrated using the open/short/load procedure with the developed interface to reduce the impacts of the cabling residual impedances.
While a Keysight E4990A was utilized in this work based on its availability to the research team, other commercially available instruments that can measure tissue bioimpedance include the ImpediMed SFB7 (ImpediMed Ltd, USA), Solartron 1260A Impedance Analyzer (Solartron Analytical, Hampshire, UK), or Zurich Instruments MFIA Impedance Analyzer (Zurich Instruments, Zurich, Switzerland). Additionally, custom electronics systems developed by other researcher groups have been published in the literature for implementation [13] , [20] , [23] .
D. STATISTICAL ANALYSES
Statistical analyses were performed on the 10 kHz, 50 kHz, and 100 kHz resistance/reactance, bicep circumference, and self-reported pain measurements to determine if there were statistically significant differences between the measurements collected at the different timepoints throughout the protocol for the exercised and unexercised bicep. Friedman tests were applied (SPSS Statistics v24, IBM Inc. WA) to evaluate the null-hypothesis that the distribution of each individual measure (resistance, reactance, circumference, pain) of the exercised and unexercised bicep are the same at each time-point. A non-parametric test was selected for this analysis because all of the resistance and reactance data was not normally distributed as assessed by the Shapiro-Wilk's test. The significance level was determined as p < 0.05 for the Friedman tests. Further, pairwise comparisons were performed (using the internal SPSS Statistics calculation associated with the Friedman test process) with a Bonferroni correction for multiple comparisons; comparisons were only made between the pre-exercise values and measured values immediately post-exercise and at 24h, 48h, 72h, and 96h. The significant level was determined as p < 0.01 for the pairwise comparisons using the Bonferroni correction.
III. EXPERIMENTAL RESULTS
The bio-impedance measurements from 10 kHz to 500 kHz for the exercised and unexercised arms of all participants at 3 time-points (pre-exercise, 48 hours post-exercise, and 96 hours post-exercise) are detailed in Fig. 2 . The electrical impedance of the exercised and unexercised arms are presented as red and black lines respectively. The 10 kHz, 50 kHz, and 100 kHz discrete frequencies are represented using a circle (o), cross (x), or diamond ( ),, respectively. These highlighted frequencies represent the specific discrete measurements that are analyzed in detail in this study. By comparing the exercised and unexercised datasets in Fig. 2 , the exercised impedance for most participants (with the exception of Participant 5) shows a large decrease in both resistance and reactance at the 48h and 96h timepoints, compared to the pre-exercise measures; though the unexercised impedance shows very similar values at each timepoint. The exercised datasets have text labels to denote which specific timepoint they represent, but these labels have not been placed on the unexercised datasets due to their already tight grouping.
Regardless of the changing values each data-set displays the same arc trend. That is, the reactance component is trending toward 0 at both low and high frequencies. This trend in impedance data is often observed in biological tissues and can be represented by an equivalent electrical circuit referred to as the Cole-impedance model [31] , with the presence of a increasing reactance at high frequencies (often referred to as a hook artifact) that is attributed to parasitics in measurement configurations that influence the high frequency data but are not reflective of the tissue under study [32] , [33] . Differences in bioimpedance datasets can be evaluated in multiple ways. Two methods include: 1) comparing discrete measurements collected at different timepoints or 2) comparing equivalent circuit model parameters estimated from datasets collected at different timepoints. The discrete measurement approach using 3 values (10 kHz, 50 kHz, and 100 kHz) from each participant is utilized in this work because these measurements fall within the most appropriate range for the Keysight E4990A instrument for this application [30] and is below the range that the hook artifacts have significant effects on the data.
A. RESISTANCE AND REACTANCE MEASUREMENTS
The 10 kHz, 50 kHz, and 100 kHz resistance and reactance collected from all 6 study participants at all timepoints are detailed in Figs. 3 and 4 , respectively. In both Figs. 3 and 4 , the (a),(b),(c) subplots detail the measurements from the exercised bicep with the (d),(e),(f) subplots representing the measurements from the unexercised bicep. For each participant there are 6 grouped measurements which represent the data collected at each study time-point; from left-to-right these are the pre-exercise, post-exercise, 24h post, 48h post, 72h post, and 96h post measurements, respectively. Note: Participant 1 is the only male in this study.
Comparing the impedance measurements for the exercised group in Figs. 3(a) ,(b),(c) and 4(a),(b),(c) there is a general trend (with the exception of participant 5) of decreasing resistance and reactance magnitude at each frequency between the pre-and post-measurements; with the largest decreases observed at the 72h and 96h timepoints. This same trend is not observed in the unexercised group data of Figs. 3(d) ,(e),(f) and 4(d),(e),(f), which have relatively constant resistance and reactance values at all timepoints. This trend was also reflected in the complete impedance spectra given in Fig. 2 .
To summarize the group differences, the median resistance and reactance for 10 kHz, 50 kHz, and 100 kHz are presented in Fig. 5(a) and (b), respectively, for both exercised (red) and unexercised (black) bicep. Notice that the median values for the unexercised bicep measurements are relatively consistent compared to those from the exercised bicep, with no statistically significant differences between the pre-exercise and all post-exercise resistance and reactance at any frequency. The exercised bicep display a trend of decreasing magnitude with increasing time post-exercise in both resistance and reactance for each frequency. From the statistical testing, there are statistically significant differences between the pre-exercise resistance and resistance at 72h (R 72h,10kHz , p<0.001; R 72h,50kHz , p<0.001; R 72h,100kHz , p<0.001) and resistance at 96h (R 96h,10kHz , p<0.001; R 96h,50kHz , p<0.001; R 96h,100kHz , p<0.001). There are also statistically significant differences between the pre-exercise reactance and reactance at 72h (X 72h,10kHz , p<0.001; X 72h,50kHz , p<0.001; X 72h,100kHz , p<0.001) and reactance at 96h (X 96h,10kHz , p=0.002; X 96h,50kHz , p<0.001; X 96h,100kHz , p<0.001).
Observing the 10 kHz median resistance in Fig. 5(a) , the resistance decreases from approximately 56 (Pre) to 30 (96h), a decrease of approximately 46%. Similar decreases were observed for both the 50 kHz (38%) and 100 kHz (41%) resistances. Observing the 10 kHz median reactance in Fig. 5(b) , the reactance magnitude decreases from approximately 6.4 (Pre) to 2.4 (96h) a decrease of approximately 63%. Again, similar decreases were observed for both the 50 kHz and 100 kHz reactances (≈ 61%).
B. BICEP CIRCUMFERENCE AND SELF-REPORTED PAIN
The median bicep circumference measurements are presented in Fig. 5(c) as circles (o). Notice that there is less than 1 cm variation between the most extreme measures across all timepoints for the unexercised group, but almost a 3 cm (≈ 10%) increase in circumference (comparing the pre and 72h measurements) for the exercised group. From the results of the statistical testing, there are statistically significant increases between the pre-exercise circumference and the circumferences measured at 72h (p = 0.001) and 96h (p = 0.003) for the exercised group; which are also the timepoints at which statistically significant differences in the resistance and reactance were observed in this group. Also from the statistical testing, there are no statistically significant differences between the pre-exercise circumferences and all post-exercise circumferences for the unexercised group. These results combined with the previous impedance values support that completing the eccentric protocol in this study did result in an increase of the bicep circumference and decrease in the localized bicep tissue impedance.
A Spearman's rank-order correlation was run to assess the relation between changes in 10 kHz & 100 kHz impedance (resistance & reactance) and changes in bicep circumference. These changes, reported as percent differences, were calculated as the difference between each post-protocol timepoint measurement and the pre-protocol measurement. This yields 60 datapoints for both 10 kHz and 100 kHz measures using all exercised and unexercised bicep data. The reported differences for the 10 kHz resistance and reactance are detailed in Figs. 6(a) statistically significant (p < 0.0005), fair positive correlations (r s = 0.556 and 0.538) between the 10 kHz resistance/reactance decreases and circumference increases. Similar results were obtained for the 100 kHz impedances with statistically significant (p < 0.0005), fair positive correlations (r s = 0.563 and 0.588) between resistance/reactance decreases and circumference increases. Only the 10 kHz and 100 kHz data were analyzed as they represent the lowest and highest frequencies in the dataset.
Throughout the protocol each participant also self-reported the pain of their exercised bicep on a scale of 0 − 10 (0 representing no pain, 10 representing extreme pain) at each measurement timepoint. The median self-reports of pain are presented in Fig. 5(c) as diamonds ( ). The median values show an increase from 0 at the pre-exercise timepoint to a maximum of approximately 5 at 48h and 72h time-points. From the results of the statistical testing, there are statistically significant increases in pain at the 48h (p = 0.001) and 72h (p < 0.001) timepoints compared to the pre-exercise values. The self-reported pain was only collected for the exercised bicep, which prevents comparisons of pain between exercised and non-exercised arms. This is a limitation of the current study and should be explored in future works.
IV. DISCUSSION
The increases in bicep circumference measured at 72h and 96h after completing the exercise protocol, with no statistically significant changes in the unexercised bicep may indicate that muscle damage and tissue swelling resulted from the eccentric activity. The trajectory of change in both circumference and pain observed in the study participants follows the same trend reported by Chleboun et al., who utilized a similar eccentric elbow flexor protocol, with delayed onset muscle soreness peaking on days 2 (48h) and 3 (72h) after exercise and maximum swelling of the bicep occurring on day 3 (72h) post-exercise [28] . A limitation of this work is that no direct measures of tissue damage (e.g. muscle biopsy, imaging results, or inflammatory markers) were obtained from study participants to assess the level of tissue damage in each individual and the relation with the changes in bioimpedance measures, but warrants future study.
The fair correlation of the changes in resistance with the changes in circumference, detailed in Fig. 6 , and the statistically significant differences in both resistance and reactance measures at the same timepoints that the maximum swelling occurred (72h and 96h post-exercise) support that localized bioimpedance measurements are sensitive to the swelling that occurs as a result of exercise. This is further supported by the non-exercised biceps measurements, which do not show any statistically significant differences in impedance comparing the baseline and post-exercise values. Therefore, it is expected that changes in the exercised biceps are not a result of natural variation from daily living or differences in the test configuration due to electrode placement variations at each measurement time-point.
The observed trend of decreasing impedance magnitude for both resistance and reactance does align with previous studies that measured the electrical impedance of tissues after fatiguing activity [22] , [24] , [25] . However, compared to those previous studies, the timepoints at which statistically significant decreases are observed occur at later times post exercise. For example, statistically significant differences in 10 kHz, 50 kHz, and 100 kHz resistance and reactance of biceps tissues were observed in participants immediately after completion of a protocol that exercised the elbow flexors using a protocol that had both concentric and eccentric muscle activations of the elbow flexor muscles [24] , [25] . In comparison, no statistically significant differences in resistance and reactance were observed until 72h post-exercise in this study. This may be a result of the metabolic differences that exist between the two types of contractions. Eccentric contractions have been reported to require lower muscle activation for greater force output in studies using surface electromyography and also have a lower energy cost compared to concentric activity [34] . Muthalib et al. compared differences in muscle oxidative metabolism during and after eccentric and concentric maximal contractions of the biceps brachii, noting that there were greater changes in maximum hemoglobin during the relaxation phase of the concentric activity than the eccentric [34] . Based on these results, the authors suggested that concentric activity has a greater vasodilatory stimulus and increased blood flow more than the eccentric activity (for a similar stimulus). Increased blood flow may account for the impedance decreases that were observed immediately after a protocol with concentric and eccentric activation [24] , [25] compared to the eccentric only protocol in the current study; an increase in localized blood volume to support higher metabolic costs would increase the available charge carriers in the localized tissue and decrease the measured tissue impedance. The impedance decreases observed in the participants of this study in the days after the eccentric protocol are instead attributed to the measured swelling, which may be a result of tissue damage induced by the exercise. In their review of muscle damage from eccentric exercise, Proske and Morgan reported that eccentric exercise can lead to extensive damage and ultimately death of muscle fibers which triggers an inflammatory response that is accompanied by edema [35] . While this may be the cause of the swelling in the study participants, it is important to note that it is not possible to link the tissue impedance changes observed in this study with cellular mechanisms of tissue damage (and requires further study). For those readers interested in further details of the cellular mechanisms of muscle fatigue, injury, and repair detailed reviews of these mechanisms are available [36] , [37] .
Nescolarde et al. reported decreased 50 kHz reactances during comparisons of non-injured and injured limbs in professional athletes 24 hours after injury, with greater decreases observed for higher grades of injury [9] . Those study results support that the reactance component does change as a result of disruption to the muscle structure through injury. The mean reactance showed a 17.5% decrease between the injured and non-injured limbs in the athletes with a grade I injury (minor strain without loss of function or strength, diffuse edema and structural abnormalities with less than 5% of the whole muscle involved) and 52.9% decrease for grade III injuries (complete rupture with complete loss of function and severe retraction of muscle fibers) [9] . The differences reported by Nescolarde were larger than those observed by Freeborn & Fu in [24] ; who reported changes of 8.0% to 10.6% of the 50 kHz reactance between the pre and post-exercise bicep impedance measurements supporting that this protocol did not induce changes in the muscle similar in magnitude to that observed in muscle strains. From the 50 kHz reactances in Fig. 5 , decreases of approximately 50.4% and 60.9% were observed comparing the 72h and 96h post-exercise impedances to the baseline measures, respectively. These changes are similar in range to those of the grade III injuries observed in [9] , but no participants in this study experienced muscle ruptures or complete loss of function; which highlights that further investigation is necessary to evaluate changes in bioimpedance that result from muscle damage and injury compared to changes from exercise.
Similar trends in the changes of resistance and reactance were observed by Sanchez et al. during their investigation of electrical impedance changes that result from injury induced in the quadriceps of mice with eccentric contractions [38] . Compared to baseline measurements, the resistance and reactance immediately post injury and at 24h and 48h post injury had lower magnitudes in their mice populations. Changes post injury were also assessed using MRI, which indicated an increase in edema over time after the injury; with the increased fluid and inflammation attributed to the decrease in resistance [38] . Sanchez et al. commented that EIM technology could be used to evaluate the development of injury after exercise in human subjects, which has important applications for evaluating interventions and therapies for groups with muscular disorders such as Duchenne muscular dystrophy. The results of this study provide further support for this, with those changes initially observed in mice after an injury [38] also observed in localized tissues of human subjects after the exercise protocol in this study.
The majority of participants in this study experienced increases in bicep circumference and decreases in impedance magnitude as a result of the eccentric exercise protocol, with the notable exception of Participant 5 who had consistent bicep circumference and impedance measurements at all timepoints (shown in Fig. 3 and 4 ). This participant was noted as being an especially active individual, whose hobbies and lifestyle incorporated regular bicep exercise. As a result, this specific exercise protocol may not have had enough repetitions to induce tissue swelling compared to the other participants, or their history of activity may have conferred a protective effect to the eccentric protocol. Previous studies have reported that unaccustomed eccentric exercise causes damage of skeletal muscle, but repeated bouts of the same exercise within several days to several months do not produce the same level of damage [39] . Therefore, this participant could have had a protective effect conferred onto the elbow flexor muscles which reduced their levels of swelling (and inferred damage) compared to the other study participants. This highlights limitations of this study which did not quantify the effect of the exercise protocol on the force production of the bicep to evaluate this as a confounding factor or record the specific activity history of each participant as a factor in the analysis. It is therefore recommended that future studies normalize the exercise dose using measures of force production and explore the extent to which participant's history of regular exercise impacts the changes in swelling and localized tissue impedance.
The Keysight E4990A used in this study is not a portable instrument. While this was not a problem for this study, the lack of commercially available portable/wearable systems to measure tissue impedance limits continuous monitoring studies to within research laboratories. To continue to advance understanding of how tissue bioimpedance changes post-exercise and as a result of daily living, portable/wearable equipment is needed that can collect data over minutes, hours, and weeks in free-living environments. Though the efforts of multiple research groups to advance designs for wearable systems [13] , [19] , [20] supports that such tools are likely to become available to continue wider studies in the application of bioimpedance measurements.
V. CONCLUSION
This study collected the localized bicep electrical impedance, bicep circumference, and self-reports of bicep pain from 6 volunteers pre, post, and at 24h, 48h, 72h, and 96h post completion of an eccentric exercise protocol of the elbow flexor muscles of one arm, while the other arm was not exercised. The exercised biceps showed decreased 10 kHz, 50 kHz, and 100 kHz impedance (resistance and reactance) and increased bicep circumference at the 72h and 96h post-protocol timepoints, compared to the pre-protocol measurements. No significant differences were observed for the unexercised biceps. This supports that localized tissue impedance is sensitive to the swelling that occurred as a result of recovery from exercise and warrants further investigation to non-invasively quantify tissues for changes due to exercise, fatigue, injury, and recovery.
